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tant	 control	 measure.	 However,	 high	 levels	 of	 genetic	 variation	 within	 the	 hybrid	







ation	 within	 and	 between	 taxa	 was	 studied	 using	 amplified	 fragment	 length	
polymorphism	(AFLP).	Taxonomic	identification	based	on	morphology	corresponded	
with	identification	based	on	simple	sequence	repeats	(SSR)	and	DNA	ploidy	levels	(8×	










K E Y W O R D S
amplified	fragment	length	polymorphism,	clonal	reproduction,	giant	knotweed,	hybrid	
knotweed,	invasive	alien	species,	Japanese	knotweed,	simple	sequence	repeats
2  |     HOLM et aL.
1  | INTRODUCTION
The	 invasive	 Fallopia	 taxa,	 belonging	 to	 the	 Polygonaceae	 family,	
are	among	the	most	problematic	 invasive	alien	plants	 in	Europe	and	
North	America	(recently	summarized	by	Robinson,	Inger,	Crowley,	and	
Gaston	 (2017)).	These	 taxa	develop	 extensive	 rhizome	 systems	 and	
form	 large	monocultures	 that	 displace	 native	 species,	 reduce	 biodi-
versity,	and	degrade	habitats	 (Aguilera,	Alpert,	Dukes,	&	Harrington,	
2010)	 (Figure	1).	Spread	of	 rhizome	and	stem	fragments	by	humans	


















cultivation	 and	 have	 hybridized	 in	 the	 introduced	 range	 to	 produce	
F. × bohemica	 (Bailey,	1994).	 In	Norway,	Schübeler	reported	 in	1883	
that	F. japonica	had	been	cultivated	as	an	ornamental	plant	 for	 sev-
eral	years	and	had	been	distributed	north	to	Bodø	(67°N)	(Schübeler,	
1883).	The	earliest	herbarium	records	of	F. sachalinensis	and	F. × bo-
hemica	in	Norway	are	dated	1935	and	1964,	respectively	(Fremstad	&	
Elven,	1997).	Fallopia × bohemica	is	sometimes	misidentified	as	either	
of	 the	 parental	 species,	 and	 its	 distribution	 is	 likely	 underestimated	
(Bailey	&	Wisskirchen,	2004).	The	hybrid	can	be	more	invasive	(Parepa,	
Fischer,	 Krebs,	 &	 Bossdorf,	 2014)	 and	 difficult	 to	 control	 (Bímová,	
Mandák,	&	Pyšek,	2001)	than	the	parental	species.
The	genetic	variation	of	the	invasive	Fallopia	taxa	has	previously	





Lavoie,	2014).	Fallopia japonica	 is	mostly	present	as	a	 single,	male-	







a	 chloroplast	 single	 nucleotide	 polymorphism.	The	 variation	 found	
within	F. japonica	may	be	due	to	multiple	 introductions	and	postin-
troduction	mutations	(Bzdęga	et	al.,	2016;	Gammon	&	Kesseli,	2010).	
Fallopia sachalinensis	 and	 F. × bohemica	 are	 both	 present	 as	 male-	




of	which	 tetraploid	F. sachalinensis	 and	hexaploid	F. × bohemica are 
the	most	common	(Mandák	et	al.,	2003;	Tiébré,	Bizoux,	et	al.,	2007).	
Particularly	 high	 levels	 of	 genetic	 and	 cytological	 variation	 within	




this	 species	 produces	 seeds	 only	 by	 hybridization	with	 related	 taxa,	
mainly;	F. sachalinensis,	F. × bohemica,	and	F. baldschuanica.	Most	seeds	
of	F. japonica	examined	in	Europe	have	been	fathered	by	F. × bohemica 
or F. baldschuanica	(Bailey,	1994;	Tiébré,	Vanderhoeven,	Saad,	&	Mahy,	
2007).	The	latter	is	a	diploid,	commonly	grown	ornamental,	but	its	hy-
brid	with	F. japonica,	F. × conollyana	(2n	=	54),	very	rarely	establishes	in	
nature	(Bailey	&	Spencer,	2003).	Another	species	involved	in	hybridiza-





into	 viable	 plants	 when	 grown	 under	 optimal	 conditions	 in	 experi-
ments,	 observations	 of	 seedlings	 are	 not	very	 common	 in	 nature	 in	
Europe	 (Funkenberg,	 Roderus,	 &	 Buhk,	 2012;	Mandák	 et	al.,	 2005;	
Tiébré,	Vanderhoeven,	 et	al.,	 2007).	This	 indicates	 that	 seedling	 es-
tablishment	 in	 the	 field	 requires	 certain	 environmental	 conditions.	
Seedling	 establishment	 is	 negatively	 affected	 by	 dry	 conditions,	










taxa	 in	 more	 northern	 regions	 of	 Europe	 is	 lacking.	 In	 Norway	 in	








of	F. japonica,	F. sachalinensis,	 and	F. × bohemica	 in	 selected	areas	of	
Norway,	in	order	to	evaluate	whether	the	taxa	reproduce	sexually	in	
their	 northern	 distribution	 range	 in	 Europe.	This	 is	 the	 first	 genetic	
diversity	study	of	these	taxa	in	Norway	and	the	hitherto	northernmost	
study	on	this	subject.
2  | MATERIALS AND METHODS
2.1 | Sample collection
Sampling	localities	were	situated	in	lowland	coast	and	fjord	regions	
of	 Norway.	 The	 southernmost	 locality	 had	 a	 latitude	 of	 58.0°N,	
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One	sample	per	stand	was	collected	from	145	stands	of	invasive	
Fallopia	taxa	in	17	different	localities	in	Norway	during	July–October	




























Flow	cytometry	 allows	 for	 rapid	determination	of	 the	 relative	DNA	
content	by	measuring	the	intensity	of	fluorescent	light	emitted	from	




remaining	22	 samples	were	not	 analyzed	due	 to	 lack	of	 silica-	dried	
leaves.	The	analysis	was	performed	by	Plant	Cytometry	Services,	the	













and	F. × bohemica,	but	not	in	F. japonica	(Grimsby	et	al.,	2007).	KW2	
amplifies	a	fragment	 in	all	three	taxa	(Grimsby	et	al.,	2007)	and	was	
included	 in	 the	analysis	 as	 a	 control	 to	verify	 that	 the	DNA	quality	













&	Espinosa,	 2016;	 Jones	 et	al.,	 1997).	AFLP	 analysis	 has	 previously	
been	used	successfully	to	detect	genetic	diversity	within	the	invasive	




Locality FJ FB FS Total
Moss 21 5 26
Ås 17 2 19
Lørenskog 1 1 2
Oslo 8 12 20
Asker 1 1











Tromsø 1 3 1 5
Total 110 32 3 145
FJ,	F. japonica;	FB,	F. × bohemica;	FS,	F. sachalinensis.
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but	with	modifications	that	included	the	use	of	fluorescently	labeled	
primers	 instead	 of	 radioactive	 labeling.	 Briefly,	 300	ng	 of	 genomic	




















using	 all	 primer	 combinations,	 for	 36	 randomly	 selected	 samples	











The	 similarity	 matrices	 obtained	 were	 analyzed	 using	 the	 un-
weighted	pair	group	method	with	arithmetic	mean	(UPGMA),	as	sug-
gested	by	Sneath	and	Sokal	(1973).	The	similarity	matrices	were	also	
used	 to	perform	principal	 coordinate	 analyses	 (PCO)	 to	 classify	 and	
detect	 potential	 structure	within	 and	 among	 the	 taxa.	The	 analyses	
and	the	dendrogram	constructions	were	performed	using	NTSYS-	pc	
software	(Rohlf,	2000).
The	 genetic	 structure	 of	 the	 Fallopia	 samples	 was	 also	 investi-
gated	 using	 the	 model-	based	 Bayesian	 clustering	 approach	 of	 ge-
netic	mixture	analysis	(Structure	2.3.4	software)	(Falush,	Stephens,	&	
Pritchard,	2003).	These	analyses	assume	 that	 the	clusters	 (K)	 are	at	
Hardy–Weinberg	equilibrium	and	 in	 linkage	equilibrium,	but	 the	ap-
proach	has	proven	to	be	robust	also	for	deviations	from	these	assump-
tions	(Falush	et	al.,	2003).	Simulations	were	performed	with	a	data	set	
from	K = 1	to	K = 6.	Six	 independent	runs	were	conducted	to	assess	
the	 consistency	 of	 the	 results	 across	 runs,	 and	 all	 runs	were	 based	















ponica,	 32	 samples	 as	F. × bohemica,	 and	 three	 samples	 as	F. sacha-
linensis.	The	taxonomic	composition	of	collections	from	the	different	
sampling	 areas	 is	 given	 in	 Table	1.	 Only	 male-	sterile	 flowers	 were	




flowers	had	 long	 filaments	with	well-	filled	 anthers	 and	poor	 stigma	
development.	 In	 addition,	 the	 inflorescence	 panicles	 of	 the	 same	




The	 ratios	 between	 the	 fluorescence	 peaks	 of	 samples	 and	 the	 in-
ternal	 standard	 were	 used	 to	 deduce	 different	 ploidy	 levels.	 Peak	
ratios	of	1.19–1.20,	1.77–2.01,	and	2.44–2.83	corresponded	to	tetra-
ploid,	 hexaploid,	 and	 octoploid	 ploidy	 levels,	 respectively.	 Samples	
that	 based	 on	morphology	 and	 SSR	 analysis	 had	 been	 identified	 as	
F. sachalinensis	 were	 tetraploid,	 samples	 identified	 as	 F. × bohemica 
were	hexaploid,	and	samples	identified	as	F. japonica	were	octoploid.
3.3 | SSR analysis
PCR	with	 the	primers	 for	 the	SSR	marker	KW2	 resulted	 in	 amplifi-





ples	 collected	 in	 Norway	 and	 the	 F. japonica	 sample	 from	 the	 UK	
had	 seemingly	 identical	 fragment	 sizes	 (Figure	3).	 For	 F. sachalinen-
sis,	 two	 fragments	 were	 amplified	 from	 the	 two	 samples	 collected	
in	 Drammen,	 southeast	 Norway	 (fragment	 size	 approximately	 500	
and	 460	bp),	 while	 only	 a	 single	 fragment	 was	 amplified	 from	 the	
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F. sachalinensis	 sample	 collected	 in	 Tromsø,	 northern	Norway	 (frag-
ment	size	approximately	550	bp)	(Figure	3).	Two	fragments	were	am-
plified	 from	31	of	 32	 samples	 identified	 as	F. × bohemica	 (fragment	
size	approximately	510	and	460	bp).	A	single	fragment	was	amplified	
from	one	F. × bohemica	sample	collected	 in	Oslo,	southeast	Norway	
(fragment	 size	 approximately	 520	bp)	 (Figure	3).	 This	was	 the	 same	
sample	 that	 also	 differed	 from	 the	 other	 F. × bohemica	 samples	 in	
flower	and	leaf	morphology.
KW6	marker	primers	resulted	in	no	fragment	amplification	in	the	
samples	 that,	 based	 on	 morphology,	 were	 identified	 as	 F. japonica 







Amplified	 fragment	 length	polymorphism	analyses	of	 the	three	taxa	
(F. japonica,	F. × bohemica	 and	F. sachalinensis),	 using	 the	 five	primer	




that	 the	 genetic	 similarity	was	 as	 follows:	 0.65	between	F. japonica 
and	 F. × bohemica,	 0.41	 between	 F. × bohemica	 and	 F. sachalinensis,	
and	0.29	between	F. japonica	and	F. sachalinensis.
The	 UPGMA	 analysis	 based	 on	 the	 Dice	 coefficient	 clustered	
the	 three	 taxa	 into	 three	 separate	 groups:	 Cluster	 A	 comprised	
111 F. japonica,	 including	 the	 sample	 from	 the	 UK,	 cluster	 B	 com-
prised	32	F. × bohemica,	and	cluster	C	comprised	three F. sachalinensis 
(Figure	4).	The	same	clusters	were	obtained	when	the	AFLP	data	were	
analyzed	using	only	three	primer	combinations	(data	not	shown).	Both	
Dice	and	Jaccard	analyses	 resulted	 in	 the	same	clusters,	hence	only	
the	results	obtained	by	the	Dice	coefficient	are	presented.	The	results	
of	 the	 PCO	 analysis	 supported	 the	 results	 of	 the	 UPGMA	 analysis	
(data	not	shown).
Structure	 analysis	 showed	 the	 maximum	 	likelihood	 distribution	
















2–6	=	F. japonica	samples	from	Norway;	lane	7–10	=	F. × bohemica	samples	with	the	most	common	SSR	genotype;	lane	11–12	=	two	replicates	
of	one	F. × bohemica	sample	with	irregular	SSR	genotype;	lane	13–14	=	F. sachalinensis	samples	from	Drammen;	lane	15–16	=	two	replicates	of	
one	F. sachalinensis	sample	from	Tromsø




500 – 517 bp
400 bp
M       1     2      3     4     5     6     7    8       9    10   11   12   13   14   15   16   17    M
M       1     2      3     4     5     6     7      8       9    10   11   12  13   14   15   16   17    M
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2010).	Few	samples	collected	of	F. sachalinensis	 in	the	present	study	
may	reflect	a	 lower	frequency	of	this	species	compared	to	the	other	
two	taxa	 in	Norway.	Also	 in	other	parts	of	Europe,	F. sachalinensis	 is	









fied	as	F. × bohemica or F. sachalinensis,	but	not	in	samples	identified	
as	F. japonica.	The	ploidy	levels	found	for	the	taxa	in	the	present	study	
are	 the	most	 common	ploidy	 levels	 for	 these	 taxa	 in	Europe	 (Krebs	
et	al.,	 2010;	Mandák	et	al.,	 2003).	This	 indicates	 that	morphological	
characters	 can	be	used	 to	distinguish	between	 the	 taxa	 in	Norway.	
However,	 morphological	 variations	 within	 the	 taxa	 could	 confuse	
identification,	 especially	when	 experience	with	 the	 different	 taxa	 is	
lacking.	Distinguishing	F. japonica	and	F. × bohemica	by	morphological	
means	can	be	even	more	challenging	 in	regions	where	hybridization	
and	backcrossing	occur	(Tiébré,	Bizoux,	et	al.,	2007).
This	 is	 the	 first	 genetic	 diversity	 study	 of	 the	 invasive	 Fallopia 
taxa	 in	Norway.	 Extremely	 low	 levels	 of	 genetic	 variation	were	 un-
covered	within	 the	 taxa	 in	 the	 present	 study.	 In	 terms	 of	 F. japon-
ica,	 the	present	 results	 corresponded	with	most	 previous	 studies	 in	
Europe	 (Hollingsworth	&	Bailey,	 2000a;	 Krebs	 et	al.,	 2010;	Mandák	
et	al.,	2005;	Tiébré,	Bizoux,	et	al.,	2007),	 in	that	no	genetic	variation	
was	found	within	this	species.	Furthermore,	the	Norwegian	F. japonica 
samples	were	 the	 same	AFLP	genotype	 as	 the	F. japonica	 reference	
sample	from	the	UK,	indicating	that	the	octoploid	male-	sterile	clone	
that	 is	 dominant	 in	 Europe	 and	North	America	 (Gaskin	 et	al.,	 2014;	
Hollingsworth	&	Bailey,	2000a)	is	also	widespread	in	Norway.	This	was	
supported	by	the	flow	cytometry	results,	confirming	that	all	F. japonica 





































































































































































For F. sachalinensis,	 the	AFLP	analysis	using	 five	primer	pairs	did	
not	reveal	any	genetic	variation.	The	SSR	analysis	resulted	in	two	dif-








simple	 sequence	 repeats	 and	 random	 amplified	 polymorphic	 DNA	
(RAPD)	(Krebs	et	al.,	2010;	Pashley	et	al.,	2007).
While	 other	 European	 studies	 have	 detected	 high	 levels	 of	 ge-
netic	variation	within	F. × bohemica	by	use	of	methods	such	as	AFLP	
(Bzdęga	 et	al.,	 2012,	 2016),	 RAPD	 (Hollingsworth	 &	 Bailey,	 2000b;	
Krebs	et	al.,	2010;	Tiébré,	Bizoux,	et	al.,	2007)	and	isoenzyme	varia-
tion	(Mandák	et	al.,	2005),	only	one	AFLP	genotype	was	detected	in	








netic	 diversity	when	using	 SSR	 analysis	 compared	 to	AFLP	 (Medini,	




The	 different	 results	 obtained	 for	 F. × bohemica	 in	 the	 present	
study	compared	 to	previous	 studies	could	 in	principle	be	due	 to	 the	
methods	 for	 recording	 genetic	 variation.	 Previous	 studies	 have	 used	
various	methods,	for	example,	RAPD	(Hollingsworth	&	Bailey,	2000b;	
Krebs	 et	al.,	 2010;	 Tiébré,	 Bizoux,	 et	al.,	 2007),	 isoenzyme	 variation	










are	produced,	 the	 low	genetic	variation	 indicates	 limited	germination	
and	seedling	survival.	Furthermore,	sexual	reproduction	of	these	taxa	
in	Norway	may	be	 limited	by	pollen	availability.	 In	the	present	study,	
F. × bohemica	 was	 the	 only	 species	 observed	 with	 hermaphrodite	
flowers,	and	a	single,	hermaphrodite,	hexaploid	genotype	seems	to	be	
dominant	in	Norway.	Hexaploid	F. × bohemica	can	contribute	to	sexual	
F IGURE  5 Genetic	STRUCTURE	bar	plot	based	on	amplified	fragment	length	polymorphism	analysis	of	146	individuals	of	invasive	Fallopia 
taxa.	The	three	clusters	correspond	to	different	taxa	(111	F. japonica	including	control	from	the	UK—blue;	32	F. × bohemica—green;	three	
F. sachalinensis—red)
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Species F. japonica F. × bohemica F. sachalinensis
F. japonica 0.00
F. × bohemica 0.36 0.00
F. sachalinensis 0.71 0.52 0.00
     |  9HOLM et aL.
reproduction	 (Bailey	 et	al.,	 2009),	 but	 it	 has	 previously	 been	 shown	










ern	 regions.	 Extension	 of	 the	 frost-	free	 period	 in	 the	 autumn	may	
have	 increased	 germination	 of	 F. × bohemica	 in	 the	 Quebec	 region	
in	Canada	 (Groeneveld	 et	al.,	 2014)	 and	may	 also	 have	 contributed	
to	 increased	 seed	 production	 in	F. japonica	 in	 the	UK	 (Bailey	 et	al.,	
2009).	Hermaphrodite	F. × bohemica	 is	a	potential	pollen	source	 for	
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